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A human cDNA clone encoding a c-myc promoter-binding protein was detected by screening a HeLa cell k
phage expression cDNA library. The library was screened by using an XhoI-NaeI human c-myc P2 promoter
fragment as a probe. The recombinant phage encoded a fusion protein, myc-binding protein 1 (MBP-1), which
had an apparent molecular size of 40 kDa. A corresponding protein with a molecular size of 35 kDa was present
in a HeLa cell extract. Sequence analysis of the cloned gene reveals an open reading frame of 1,038 bp with a

3' untranslated region of 378 bp. The predicted protein sequence contains a proline-rich region in the amino
terminus but does not demonstrate a known DNA-binding domain. DNase I footprint analysis demonstrates
that MBP-1 binds to the sequence just 5' of the TATA box sequence of the human c-myc P2 promoter. MBP-1
cDNA hybridizes to a 1.4-kb mRNA from HeLa and HL-60 cells, indicating that the cDNA insert (1,416 bp)
is a full-length clone. Coexpression of the MBP-1 protein represses transcription from the human c-myc

promoter, suggesting that MBP-1 may act as a negative regulatory factor for the human c-myc gene.

Nuclear proto-oncogene products play an important role
in the regulation of cell growth and differentiation. They also
mediate signal transduction in the nucleus and participate in
the regulatory processes controlling transcription and DNA
replication (1, 6, 18, 63). The c-myc proto-oncogene appears
to play a major role in the control of cell proliferation (9).
The deregulation of c-myc expression, for example by am-
plification, chromosomal translocation, retroviral insertion,
or point mutation, causes immortalization or transformation
of normal cells (6, 12, 55). Regulation of c-myc gene expres-
sion has been shown to involve several mechanisms, includ-
ing changes in transcription initiation and elongation, RNA
stability, and RNA turnover and translation (5, 12, 36, 55).
However, the cellular factors involved in the regulatory
control of this gene have not been characterized.

Transcriptional regulation of several genes has been
shown to involve the specific interaction of regulatory pro-
teins with DNA sequences that are located in the 5'-flanking
region (7). The human c-myc proto-oncogene contains two
TATA box sequences separated by about 165 bp located
near the 5' end of the first exon (3). A negative regulatory
sequence has been localized to a 57-bp segment approxi-
mately 300 bp upstream of the human c-myc P1 promoter
(19). The transcription of c-myc from P1 and P2 is regulated
by a composite of positive and negative elements located
both upstream and downstream of these promoters (10, 19,
37, 59, 69). Recently, Asselin et al. (2) have identified the
sequences upstream of the mouse P1 and P2 c-myc promoters
that form specific complexes with the nuclear factors which
are required for normal P1 and P2 transcription. Lipp et al.
(37) suggested that the 142-bp fragment upstream of the 5'
end of the c-myc gene acts as a positive regulatory region.
Postel et al. (53) also showed that a 27-bp polypurine-
polypyrimidine sequence present upstream of the human
c-myc P1 promoter interacts with a transcription initiation
factor.

Sequence-specific interactions between DNA-binding pro-
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teins and cis-acting elements have also been shown to play
an important role in controlling gene expression (13, 14, 41).
A combination of different DNA elements can generate
various types of transcriptional regulation. Multiple factors
can bind to the same DNA sequence or region and produce
diversity in transcriptional control (1, 23, 26, 27, 28, 29, 34,
45, 46, 49, 57, 62). An example of this multifactorial regula-
tion is the negative element of the c-myc gene (-350 to -296
bp relative to the transcription start site of P1). Fos/Jun and
octamer-binding proteins have also been shown to interact
with this region (20, 67). The same DNA sequences may
function as either positive or negative regulatory elements,
depending on the DNA-binding factor(s) present in different
cell types.
To characterize protein-DNA interactions involved in the

control of c-myc expression, we have identified and cloned a
c-myc promoter-binding protein (MPB-1) that forms a DNA-
protein complex upstream of the transcriptional start site of
the P2 promoter. Structural and functional analyses suggest
that this cDNA encodes a novel trans-acting factor that may
be a negative regulator of c-myc expression.

MATERIALS AND METHODS

cDNA expression library. A HeLa cell cDNA library
constructed in the A zapIl expression vector was obtained
from Stratagene. The library contained approximately 3 x
1010 plaques and had an average insert size of 1 kb. Esche-
richia coli XL1-blue (Stratagene) was used as a host strain.

Plasmid. Plasmid pGEM-mycl was constructed by sub-
cloning the SmaI-NaeI fragment from the first-exon region
of the human c-myc gene (55) into the SmaI site of the
pGEM-3Z vector. The plasmid contained a 142-bp XhoI-
NaeI fragment of the human c-myc first exon which has been
suggested to function as a positive regulatory sequence of
the human c-myc gene (37).

Probe. pGEM-mycl was digested with restriction en-
zymes XhoI and EcoRI. The digested product was end
labeled with [a-32P]dATP and [at-32P]dCTP, using Klenow
enzyme, dGTP, and dTTP to fill in the ends of the restriction
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fragments. The 150-bp labeled fragment was separated by
8% native polyacrylamide gel electrophoresis, eluted from
the excised gel, and purified by using ultrafree-MC filters
(Millipore Corp.). This probe was used to screen the HeLa
cell cDNA expression library.

Screening. The HeLa cell cDNA library was plated on LB
agar and overlaid with nitrocellulose filters saturated with 10
mM isopropyl-p-D-thiogalactopyranoside (IPTG). A total of
2 x 106 plaques were screened with the radiolabeled 150-bp
5'-flanking c-myc probe as described by Singh et al. (60) and
Vinson et al. (68).

Binding assay. MBP-1 cDNA was transferred to the
pBluescript SK(+/-) (Stratagene) vector by in vivo exci-
sion. Extract for assaying DNA-binding activity of the fusion
protein was prepared as follows. Cells were grown at 37°C to
an optical density of 0.2 at 600 nm. IPTG was added to a final
concentration of 10 mM, and the cells were induced for 1 h.
The cells were pelleted and resuspended in lysis buffer (50
mM Tris [pH 8.0], 1 mM EDTA, 10% sucrose, 1 mM
phenylmethylsulfonyl fluoride, 1% aprotinin). Lysozyme
was added to a final concentration of 1 mg/ml, and the
suspension was incubated for 10 min on ice. Subsequently,
Nonidet P-40 was added to a final concentration of 0. 1%, and
incubation was continued for another 10 min. After a 1-h
spin at 35,000 x g, the supernatant was quick-frozen and
stored at -70°C. The binding reactions and gel electropho-
resis were performed as previously described (54).
DNase I footprinting analysis. A 68-bp (-47 to +21 bp

relative to P2 start site 1) DNA fragment was chosen for
DNase I footprint analysis on the basis of preliminary results
of a DNase protection assay using an XhoI-NaeI fragment.
This 68-bp DNA fragment was amplified from pSV2neomyc
(55) plasmid DNA by using two synthetic oligonucleotide
primers (5'-AGGGATCCGCGCTGAGTAT-3' and 5'-GC
TGGAATTCACTACAGCG-3') by polymerase chain reac-
tion. The sequence of the amplified DNA was verified by the
Maxam-Gilbert sequencing method (39).
DNase I footprinting analysis of the human c-myc P2

fragment with MBP-1 was performed as previously de-
scribed (54). In brief, the radiolabeled fragment was incu-
bated with crude bacterial extract for 20 min at room
temperature. One unit of DNase I was added, and the
reaction was terminated after 1 min with DNase stop buffer
(100 mM Tris-HCl [pH 7.5], 100 mM NaCl, 20 mM EDTA).
The sample was extracted with phenol-chloroform and pre-
cipitated with ethanol, and equal counts of all samples were
analyzed on a 10% urea-polyacrylamide sequencing gel.

In vitro translation and hybrid arrest. In vitro transcription
of the MBP-1 cDNA, cloned in the pBluescript vector, was
performed by using T3 RNA polymerase (Stratagene) as
instructed by the manufacturer (Promega Biotec). Rabbit
reticulocyte lysate (Promega Biotec) was used for in vitro
translation, and the reaction was carried out in the presence
of [35S]methionine as instructed by the manufacturer. Hy-
brid arrest translation was performed by using HindIll-
digested plasmid DNA (MBP-1) as described by Paterson et
al. (50).

Southwestern (DNA-protein) and Western immunoblot
analyses. Bacterial extracts were electrophoresed on a 7.5 or
10% sodium dodecyl sulfate-polyacrylamide gel and trans-
ferred to a nitrocellulose filter. The filter was blocked with
5% (wt/vol) nonfat dry milk in 10 mM N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.9)
and incubated at room temperature for 1 h. The filter was
incubated in binding buffer (10 mM HEPES [pH 7.9], 50 mM
NaCl, 10 mM MgCl,2 0.1 mM EDTA, 1 mM dithiothreitol,

0.25% nonfat dry milk) containing 105 cpm of 32P-labeled
probe per ml for another hour (44). The filter was washed
with binding buffer containing 0.3 M NaCl for 1 h and
exposed to X-ray film for autoradiography.
Western blot analysis was performed by using an anti-,-

galactosidase monoclonal antibody (Promega Biotec) or a
polyclonal antibody (Cappel, Organon Teknika Co.) accord-
ing to the standard procedure.

Sequencing. MBP-1 cDNA was subcloned into the pBlue-
script SK(+/-) vector. Sequencing of both strands was
performed by the dideoxy-chain elongation method (56),
using a Sequenase kit (United States Biochemicals), initiat-
ing SK and KS primers for chain elongation, and specific
synthetic oligonucleotides as the continuing primers. The
ambiguous sequences were confirmed by the chemical cleav-
age method (39).
CAT cotransfection analysis. The full-length MBP-1 was

cloned into the pSV2neo vector under the control of the
simian virus 40 (SV40) early promoter in sense (pSV2MBP-1)
or antisense (pSV2anti-MBP-1) orientation for use as an
expression vector. The chloramphenicol acetyltransferase
(CAT) reporter plasmid contained the human c-myc pro-
moter (52) or chicken 1-actin promoter (29). H-myc CAT and
S-myc CAT (-2290 and -100, respectively, relative to the
human c-myc transcription start site) reporter plasmid (5 ,ug)
and effector plasmid (5 jug) were cotransfected by the
lipofection reagent as described by the manufacturer
(GIBCO BRL). A plasmid expressing the 3-galactosidase
gene from the Rous sarcoma virus long terminal repeat
(RSV-Pgal) (4 ,ug) was included as an internal control for
transfection efficiency. CV1 cells were grown in 10% new-
born calf serum and plated at a density of 106 cells per
100-mm dish and transfected with 14 jig of total plasmid
DNA. The level of CAT activity was determined 45 h after
transfection, using equivalent levels of protein extract (16).
CAT activity was measured by determining the percentage
of acetylated "'C-labeled chloramphenicol. Both the acety-
lated and nonacetylated forms of "'C-labeled chloramphen-
icol were removed from the thin-layer chromatography
plate, and the amount of radioactivity was analyzed to
determine CAT activity.

Northern (RNA) blot analysis. Cytoplasmic RNA was
isolated from HL-60 and HeLa cells for Northern blot
analysis, using a 1.4-kb fragment of MBP-1 cDNA as a probe
as described previously (55).

Nucleotide sequence accession number. The nucleotide
sequence data reported here have been submitted to the
GenBank data base and assigned accession number M55914.

RESULTS

Detection of a clone encoding a sequence-specific DNA-
binding protein. The X zapll HeLa cell cDNA expression
library was screened with a double-stranded DNA fragment
containing the c-myc P2 promoter region. c-myc promoter-
binding proteins expressed by the recombinant phages were
detected by specific binding with the a-32P-labeled 142-bp
XhoI-NaeI fragment. Six recombinant phages whose prod-
ucts bound to this fragment were obtained from the primary
screening. Four distinct positive clones were detected after
the secondary and tertiary screenings, all of which bound
specifically to the 142-bp c-myc probe. The positive clones
were called MBP-1, MBP-2, MBP-3, and MBP-4. The filters
were rescreened with specific (c-myc) and nonspecific
probes to confirm the authenticity of recombinant phages.
The screening strategy for the characterization of MBP-1
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FIG. 1. Isolation of a A recombinant clone binding specifically to
the human c-myc P2 promoter. A filter generated from tertiary stock
of MBP-1 was probed with the 142-bp human c-myc P, promoter (5
x 105 cpm/ml).

demonstrated that this clone encoded a specific DNA-bind-
ing protein (Fig. 1). Phage DNA was transferred to the
pBluescript SK(+/-) vector by in vivo excision. Digestion
of the recombinant bacterial DNA with EcoRI showed that
one of the positive clones (MBP-1) contained a 1.4-kb gene
insert. Subsequent studies were performed with use of this
clone.

Characterization of the DNA-binding protein. Gel mobility
shift analysis using a crude bacterial extract from MBP-1-
transformed E. coli demonstrated the formation of a specific
DNA-protein complex between MBP-1 and the XhoI-NaeI
c-myc P2 promoter fragment. This resulted in gel retardation
in comparison with the free DNA probe which served as a
negative control (Fig. 2A) under nondenaturing, low-ionic-
strength polyacrylamide gel electrophoresis (54, 58). The
recombinant protein from the bacterial extract bound to the
142-bp c-myc P2 DNA fragment and formed protein-DNA
complexes (Fig. 2A, lane 4). On the other hand, the extract
from vector-transformed bacteria (BS), used as a negative
control, did not show the formation of a DNA-protein
complex (lane 1). Binding with crude HeLa nuclear extract
and this fragment also formed a protein-DNA complex (lanes
2 and 5). This result suggested the specificity of binding of
the recombinant bacterial fusion protein to the P2 fragment
of the human c-myc gene.
A competition experiment with the c-myc P2 fragment and

partially purified recombinant MBP-1 in a gel mobility shift
assay showed that the DNA-protein complex is not formed
in the presence of excess double-stranded 142-bp (XhoI-
NaeI) unlabeled P2 fragment (Fig. 2B, lane 2), whereas
unrelated sequences did not block formation of the DNA-
protein complex (lane 3). This result indicates that the
recombinant protein expressed by the MBP-1 clone binds
specifically to sequences contained in the c-myc P2 fragment.
A DNase I protection assay was performed to determine

the sequence specificity of MBP-1 binding to the human
c-myc P2 fragment (Fig. 3). MBP-1 protein showed binding
to the c-myc fragment (Fig. 3A, lane 2; Fig. 3B, lanes 2 and
3), whereas an extract from vector-transfected cells (BS
protein) did not react with that fragment (Fig. 3A, lane 3;
Fig. 3B, lane 4). The fusion protein protects 30 bp just 5' of
the c-myc P2 transcription start site (-38 to -8 bp relative to
the P2 transcription start site). To determine the effect of
mutation at the binding site of MBP-1, wild-type and mutant

4
FIG. 2. Gel mobility shift analysis of the human c-myc P2 pro-

moter with the fusion protein encoded by MBP-1. (A) Extracts
prepared from induced cultures of MBP-1 and BS (vector-trans-
fected control) were incubated with a 142-bp XhoI-NaeI human
c-myc P2 fragment (20,000 cpm) and 5 ,ug of poly(dI-dC). The
reactions were resolved by 5% nondenaturing polyacrylamide gel
electrophoresis. Assay mixtures contained 20 pLg of BS protein (lane
1), 15 ,ug of crude nuclear extract (lanes 2 and 5), 20 jig of MBP-1
protein (lane 4), or no protein (lanes 3 and 6). (B) Gel retardation
MBP-1 binding assay with a 142-bp XhoI-NaeI human c-myc P2
fragment. The gel mobility shift assay was performed as described
for panel A. Lane 1 contained 20 jg of MBP-1 protein with 5 ,ug of
poly(dI-dC). MBP-1 binding was completed in the presence of a
200-fold excess of the 142-bp XhoI-NaeI fragment (lane 2) or a 89-bp
NcoI-Nsil restriction fragment carrying the SV40 early promoter of
plasmid PL1 (54) (lane 3). Competition was not observed with an
excess of the 89-bp SV40 promoter fragment.

double-stranded oligonucleotides were synthesized. A single
guanine residue within the binding site was replaced with
pyrimidine in the mutant oligomer. A gel mobility shift assay
showed binding of MBP-1 to the wild-type oligomer,
whereas the mutant oligomer failed to form a protein-DNA
complex (Fig. 4).

Analysis of in vitro translation products of the recombi-
nant MBP-1 clone after transcription with T3 RNA polymer-
ase suggested the presence of an open reading frame. The
MBP-1 clone contains an open reading frame that yields a
37-kDa protein product (Fig. 5, lane 1), correlating with the
1.4-kb size of the cDNA. The specificity of this translated
product was verified by hybrid arrest. The 1.4-kb DNA
fragment from the MBP-1 clone completely blocked transla-
tion (lane 2). After melting of the RNA-DNA complex, the
translation inhibition was reversed, with reappearance of the
translated product (lane 3). This experiment provides further
evidence that the 37-kDa translated protein product origi-
nates from the MBP-1 clone.

Southwestern blot analysis was performed to determine
the specificity of DNA binding as well as the molecular
weight of the recombinant fusion protein. In this experiment,
the extents of binding of the c-myc P2 promoter fragment to
filter-bound proteins from HL-60, HeLa, CV1, and MBP-1-
transformed E. coli cells were compared. The recombinant
protein showed an apparent molecular size of 40 kDa (Fig.
6A). The same DNA probe recognized a 35-kDa protein
band in the HL-60 and HeLa cell lysates (Fig. 6B, lanes 1
and 2) but not from an unrelated monkey kidney cell line
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FIG. 3. DNase I protection assay using the human c-myc P2
fragment (coding and noncoding) to identify the MBP-1-binding site.
(A) A DNase I protection assay was performed by using a 142-bp
XhoI-NaeI fragment 3' end labeled at the XhoI site. Lane 1
contained a Maxam-Gilbert (39) guanine-specific reaction. Labeled
DNA was incubated with MBP-1 protein (lane 1, 30 ,ug of protein) or
BS protein (lane 2) and then digested with DNase I. (B) The DNase
I protection assay was performed by using a 68-bp amplified
fragment 3' end labeled at the EcoRI site. Labeled DNA was
incubated with BS protein (lane 4) or MBP-1 protein (lanes 2 and 3,
containing 15 and 30 ,ug of protein, respectively) and then digested
with DNase I. Lane 1 contained a Maxam-Gilbert (39) guanine-
specific reaction.

(CV1) (lane 3). This difference may be due to the fusion
sequence present in the recombinant bacterial protein. The
high-molecular-weight bands probably represent nonspecific
binding with probe.

Although the cloned DNA-binding protein is fused with
the P-galactosidase gene, both polyclonal and monoclonal
anti-i-galactosidase antibodies failed to recognize the fusion
protein in Western blot analysis. The pBluescript SK(+/-)
vector contains 36 amino acid residues from the N-terminal
end of the P-galactosidase gene, and possibly the antibodies
do not recognize any epitope(s), if present, within these 36
amino acid residues under the experimental conditions used.

Structural analysis of MBP-1. The MBP-1 cDNA clone was
sequenced by the dideoxynucleotide chain elongation
method. The nucleotide and predicted amino acid sequences
are shown in Fig. 7. The MBP-1 gene contains an open
reading frame of 1,038 bp and a 3' untranslated region of 378
bp. The nature of the fusion protein requires transcription of
the entire open reading frame. The protein sequence derived
from the entire open reading frame contains 336 amino acid
residues and has a calculated molecular size of 37 kDa. This
is in excellent agreement with the size characteristics of the
in vitro translation product in a rabbit reticulocyte lysate
system (Fig. 5) as well as size data obtained by Southwestern
blot analysis (Fig. 6B).
The following features were noted upon analysis of the

MBP-1 sequences. The predicted amino acid sequence con-

FIG. 4. Inhibition of protein binding by mutation of the MBP-1-
binding site. (A) Sequences of the wild-type and mutant synthetic
oligomers used for the mobility shift assay. The guanine-to-thymi-
dine substitution is indicated (0). (B) Gel mobility shift analysis
using wild-type (lane 1) and mutant (lane 2) oligomers. The protein-
DNA complex is marked by an arrowhead.

tains 14% basic residues, is enriched with leucine and serine,
and has a potential glycosylation site at the amino terminus.
There is no zinc finger motif present in the MBP-1 sequence.
The amino-terminal region of this protein has proline-rich
residues. Computer analysis of the MBP-1 clone using the

123
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FIG. 5. In vitro translation and hybrid arrest using the MBP-1
clone. The MBP-1 clone was linearized with Hindlll; RNA was
transcribed by using T3 RNA polymerase and translated by using
rabbit reticulocyte lysate. The protein product was analyzed by
SDS-polyacrylamide gel electrophoresis. The translated product is
shown in lane 1. Lane 2 shows the result of translation after
hybridization of the transcript with the 1.4-kb MBP-1 fragment.
Lane 3 shows the result obtained after melting of the transcript-
MBP-1 hybrid. Lane 4 is the tRNA control.
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1 AGGAATTCCGGAATTCCGGAATTCCGATGGATGGAACAGAAAATAAATCTAAGTTTGGTG
M E Q K I N L S L V1 2 3

R T P F W G C P L P S A K L V P L R R G
61

97

-97

-45

31

-21
^} 31

FIG. 6. Southwestern blot analysis of protein encoded by the
MBP-1 clone and by HL-60, HeLa, and CV1 cells. (A) Total protein
extracts from induced cultures of the MBP-1 clone and vector-
transformed bacteria (BS) were analyzed by SDS-polyacrylamide
gel electrophoresis and transferred onto nitrocellulose. The filter
was probed with the 142-bp c-myc fragment (106 cpm/ml). Lanes 1
and 2 contained MBP-1 recombinant protein induced with 10 and 1

mM IPTG, respectively. Lane 3 contained vector-transfected (BS)
protein as a negative control. (B) HL-60, HeLa, and CV1 cells were

grown as 70% confluent cultures and analyzed similarly. The posi-
tions of molecular weight markers (in kilodaltons) are shown on the
right.

EMBL/GenBank data base suggested an overall 70% homol-
ogy with human oz-enolase at the protein level (17). How-
ever, enzymatic assay of enolase activity in the crude extract
of recombinant (MBP-1) and vector-transformed (negative
control) bacteria failed to show any difference in activities.

Transcriptional repression by MBP-1. To study the func-
tional role of MBP-1, DNA-mediated gene transfer experi-

ments were carried out. MBP-1 was cloned into the pSV,neo
vector under control of the SV40 early promoter and co-

transfected with a reporter CAT gene under the control of
the human c-myc promoter (52). Cotransfection of pSV2
MBP-1 with H-myc CAT or S-myc CAT resulted in a
significant reduction of CAT activity (Fig. 8, lanes 2 and 4)
relative to the vector control (lanes 1 and 3). When antisense
MBP-1 (pSV2anti-MBP-1) (5 ,ug) was cotransfected with
H-myc CAT, there was no inhibition of CAT activity (lane
5). Averaging the results from four independent experiments
yielded a sixfold reduction of c-myc promoter relative activ-
ity by cotransfection of the MBP-1-containing plasmid.
However, cotransfection of pSV2MBP-1 or pSV2neo with a
chicken ,-actin promoter plasmid (p,Acat) did not alter the
CAT activity (data not shown). This result suggests that
MBP-1 in vivo acts as a sequence-specific repressor.

Hybridization analysis with the cDNA segment of MBP-1.
Expression of the MBP-1 gene was studied by Northern blot
analysis (Fig. 9). A single 1.4-kb transcript was obtained
with cytoplasmic RNA from HL-60 and HeLa cells. The
cDNA insert of the recombinant clone appears to be a
full-length sequence, since the open reading frame and the
transcript size are nearly identical. The filter was reprobed
with tubulin and found to contain similar amounts of RNA in
both lanes (data not shown).

121 TCCCCTGTACCGCCACATCGCGTACTTGGCTGGCAACTTCGAAGTCATCCTGCCAGTCCC
S P V P P H R V L G W Q L R S H P A S P

181 GGCGTTCAAGTGTCATCATCAATGGCGGTTCTCATGCTGGCAACAAGCTGGCCATGCAGA
G V Q V S S S M A V L M L A T S W P C R

241 GTCTGTCCTCCCAGTCGGTGCAGCAAACTCAGGGAAGCCATGCCGCATTGGAGCAGAGGT
V C P P S R C S K L R E A M P H W S R G

301 TTACCACAACCTGAAGAATGTCATCAAGGAGAAATATGGGAAAGATGCCACCAATGTGGG
L P Q P E E C H Q G E I W E R C H Q C G

361 GATTTGCGCGGGTTTGCTCCCAACATCCTGGAGAATAAAGAAGGCCTGGAGCTGCTGAAG
D L R G F A P N I L E N K E G L E L L K

421 ACTGCTATTGGAAAGCCTGGCCTACACTGTAAAGGTGGTCATGGCATGGACGTAGCGGCC
T A I G K P G L H C K G G H G M D V A A

481 TCCGAGTTCTTCAGGTCAGGGAACTATGACCTGGACTTCAAGTCTCCCGATGACCCCAGC
S E F F R S G N Y D L D F K S P D D P S

541 AGGTACATCTCGCCTGACCAGCTGGCTGACCTGTACAAGTCCTTCATCAAGGACTACCCA
R Y I S P D Q L A D L Y K S F I K D Y P

601 GTGGTGTCTATCGAAGATCCCTTTGACCAGGATGACTGGGGAGCTTCAGAAGTTCACAGC
V V S I E D P F D Q D D W G A S E V H S

661 CAGTGCAGGAATCCAGGTAGTGGGGGGATGACTCACAGTGACCAACCCAAAGAGGATCGC
Q C R N P G S G G M T H S D Q P K E D R

721 CAAGGCGTGAACGAGAAGTCCTGCAACTGCCTCCTGCTCAAAGTCAACCAGATTGGCTCC
Q G V N E K S C N C L L L K V N Q I G S

781 GTGACCGAGTCTCTTCAGGCGTGCAAGCTGGCCCAGGCCAATGGTTGGGGCGTCATGGTG
V T E S L Q A C K L A Q A N G W G V M V

841 TCTCATCGTTCGGGGGAGACTGAAGATACCTTCATCGCTGACCTGGTTGTGGGGCTGTGC
S H R S G E T E D T F I A D L V V G L C

901 ACTGGGGCAGATCAAGACTGGTGCCCCTTGCCGATCACGCGCTTGGCCAAGTACAACCAG
T G A D Q D W C P L P I T R L A K Y N Q

961 CTCCTCAGAATTGAAGAGGAGCTGGGCAGCAAGGCTAAGTTTGCCGGCAGGAACTTCAGA
L L R I E E E L G S K A K F A G R N F R

1021 AACCCCTTGGCCAAGTAAGCTGTGGGCAGGCAAGCCTTCGGTCACCTGTTGGCTACAGAC
N P L A K *

1081 CCCTCCCCTGGTGTCAGCTCAGGCAGCTCGAGGCCCCCGACCAACACTTGCAGGGGTCCC
1141 TGCTAGTTAGCGCCCACCGCCGTGGAGTTCGTACCGCTTCCTTAGAACTCTACAGAAGCC
1201 AAGCTCCCTGGAAGCCCTGTTGGCAGCTCTAGCTTTGCAGTTGTGTAATTGGCCCAAGTC
1261 ATTGTTTTTCTCGCCTTACTTTCCACCAAGTGTCTAGAGTCATGTGAGCCTNGTGTCATC
1321 TCCGGGGTGGCCACAGGCTAGATCCCCGGTGGTTTTGTGCTCAAAATAAAAAGCCTCAGT
1381 GACCCATGAAAAAAAAAAAGGAATTCCGGAATTCCG

FIG. 7. Nucleotide and predicated amino acid sequences of
MBP-1. The first methionine of MBP-1 is marked with an asterisk.
The possible glycosylation site containing the Asn-X-Ser sequence
is underlined. The stop codon is marked with a double underline,
and a poly (A) stretch is marked by a wavy underline.

DISCUSSION
We report the identification of a c-myc P2 promoter-

binding protein (MBP-1) cloned from a HeLa cell cDNA
library in X zapll expression vector. This clone was found to
have a large open reading frame of 1,007 bp translating to a
polypeptide of 37 kDa. The recombinant protein, MBP-1,
binds specifically upstream to the human c-myc P2 transcrip-
tion start site (-38 to -8 relative to the P2 transcription start
site) and presumably plays a role in transcription regulation
of the c-myc gene. However, the precise role of this protein
in human c-myc gene regulation remains to be determined.
MBP-1 protein binds to sequences at the human c-myc P2

promoter that include the TATA box rather than to regions
further upstream. The binding site sequence is not present in
the 5'-flanking region of closely related genes, such as
N-myc or L-myc. Transcription factor TFIID has also been
shown to bind to the TATA box sequences (21, 30, 51);
however, sequence analysis confirmed that MBP-1 is quite
distinct from TFIID. There are very few reports of proteins,
other than RNA polymerase II (8), which bind to the
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FIG. 8. Effect of MBP-1 on human c-myc expression in CV1

cells. A reporter construct was cotransfected with effector plasmids
or the control vector pSV2neo by the lipofection transfection
procedure. Lanes: 1 and 3, effects of pSV2neo on the H-myc CAT
and S-myc CAT reporter plasmids, respectively; 2 and 4, effects of
the pSV2MBP-1 effector plasmid on the H-myc CAT and S-myc
CAT reporter plasmids, respectively; 5, effect of the pSV2anti-
MBP-1 effector plasmid on the H-myc CAT reporter plasmid.

transcription start site. Although TFIIB binds in the vicinity
of the initiation site, it does not appear to bind DNA directly
(42), but rather interacts with other proteins already bound
to the promoter region. On the other hand, a protein isolated
from the HeLa cell nuclear extract, the dihydrofolate reduc-
tase initiator element termed housekeeping initiation protein
1, binds to the transcription initiation site and acts as a

positive regulatory element (42). Similar DNA-binding pro-
teins have been identified in other systems and have been
shown to play a regulatory role in transcription. The herpes
simplex virus ICP4 protein binds to its own transcription
initiation site in a negative, autoregulatory manner (47). A
cellular protein, designated leader binding protein 1, also
spans the sequence from nucleotide -35 to +27 of the
human immunodeficiency virus type 1 promoter. Like the

1 2

-9 5
.6 5
-4 4

-2 4

i- -1-4

human c-myc promoters, the human immunodeficiency virus
type 1 TATA element appears to be responsible for position-
ing transcription initiation (24).
The sequence of MBP-1 does not contain any known

DNA-binding motifs such as a zinc finger structure (25, 43),
leucine zipper (32), POU-specific regions (11, 15, 64-66), or
homeoboxes (33, 40, 42). Although there is some similarity
between MBP-1 and human a-enolase, the amino-terminal
sequences are quite different and human a-enolase has not
been shown to be a sequence-specific DNA-binding protein.
It has been shown that the basic amino-terminal domains are
a common site of homology among DNA-binding proteins.
The MBP-1 DNA-binding site does not have any significant
sequence homology to binding sites of the DNA-binding
proteins AP1, AP3, ATF, USF, CTF, E2F, and EBP20, the
octabox transcription factors SP1, 5'Mfl, 5'Mgl, 5'Mg2,
5'Mg3, MElal, and ME1a2, or nuclear transcription factor
hUBF (2, 4, 22, 23, 25, 26, 31, 45, 46). Proline-nrch regions,
also known as alpha-helix breakers, have been shown in
other mammalian transcription factors, including AP-2, Jun,
Oct-2, and SRF (45). A proline-rich sequence is also present
in the p53 protein (35) and has been predicted to be a
transactivating domain. Interestingly, a proline-rich domain
is present in the amino terminus of MBP-1 and may play a
similar role. Further study is necessary to map the DNA-
binding domain(s) of MBP-1 by in vitro mutagenesis.

Several groups have investigated the sequence require-
ment for initiation at the P1 and P2 start sites of the human
c-myc gene (10, 19, 37, 48, 59). Sequences between -60 and
-37 relative to the human c-myc P1 start site are essential for
its activity in microinjected Xenopus laevis oocytes (48).
Sequences between -101 and -353 relative to P1 have been
reported to possess both positive (37) and negative (19)
effector activity on the human c-myc P1 and P2 start sites. A
123-bp sequence upstream of the murine c-myc P2 start site
(-7 to + 116 relative to P1) was shown to be necessary for its
activity and implicated the involvement of MElal and
ME1a2 proteins in P2 regulation (2). Transcription of the
human c-myc P2 start site was also shown to require about
100 bp of the 5'-flanking sequence (37). Deletion of the
MElal-binding site affected murine c-myc transcription by
reducing activity of the P2 promoter, suggesting that the P2
promoter is inherently stronger than P1 and may normally
interfere with P1 activity (2).

Since MBP-1 binds just upstream of the initiation start site
of the human c-myc P2 promoter, it may play an important
regulatory function in the control of c-myc expression.
Results from the cotransfection experiment suggest that
MBP-1 may play a role as a negative regulatory factor in
human c-myc expression. It is possible that MBP-1 competes
with TFIID or other transcription factors for specific DNA
binding and represses the transcription activity of human
c-myc gene. We plan to purify the MBP-1 protein and
determine its precise role in human c-myc gene expression.
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